Introduction
============

Congenital anomalies of the kidney and urinary tract constitute \~20 to 30% of all disorders identified in the prenatal period^[@bib1]^ and play a causative role in a majority of cases of end-stage renal disease in pediatric patients.^[@bib2]^ The morbidity and costs associated with congenital anomalies of the kidney and urinary tract are enormous, with an estimated 1 billion dollars per year burden to the healthcare system. The genetic etiologies of several inherited structural kidney diseases have been elucidated and have their origins in early renal development.^[@bib3],[@bib4]^ Some of these conditions are pre- or perinatally lethal. Many can also be diagnosed prenatally, and with advancing gestational age, these conditions have significant progression of their phenotype with irreversible damage.^[@bib5],[@bib6]^

*In-utero* gene therapy may improve or prevent progression of defects in kidney function that would otherwise not be treated until after birth. Several routes of administration have been utilized for *in-utero* gene therapy. The majority of studies have utilized maternal laparotomy followed by direct fetal (intravascular,^[@bib7; @bib8; @bib9]^ intraperitoneal,^[@bib10; @bib11; @bib12; @bib13; @bib14; @bib15]^ intramuscular,^[@bib8],[@bib9],[@bib11],[@bib16]^ and intrahepatic^[@bib8],[@bib9],[@bib17]^), intraamniotic,^[@bib9],[@bib18]^ or intraplacental^[@bib9]^ injection. A few studies have shown successful gene transfer to fetuses following intravenous administration of cationic liposomes,^[@bib19]^ DNA/lipid complexes,^[@bib20],[@bib21]^ and T7 phage^[@bib22]^ to the mothers.

Recently, a recombinant adeno-associated virus (rAAV) serotype 9 vector was shown to have tissue tropism for the adult mouse kidney.^[@bib23]^ AAVs are nonpathogenic, nonenveloped, single-stranded, DNA helper--dependent parvoviruses that have been identified as promising vectors for gene delivery because of several important advantages over other vectors including: (i) broad host cell range; (ii) the ability to transduce dividing as well as growth-arrested cells; (iii) low pathogenicity and immunogenicity in humans; (iv) the ability to be produced in high quantities; (v) the ability to alter vector tropism by capsid pseudotyping; (vi) the ability to produce long-term gene expression by integration or remaining as an episome.^[@bib24]^ Additionally, AAVs in the maternal circulation cross the placenta and can infect fetal tissues.^[@bib25]^

The kidney is a well-differentiated organ with specialized compartments composed of glomeruli, tubules, vasculature, and interstitium. Because of this complex anatomy, it has proven to be a difficult target for gene therapy vectors both in human and animal experiments. For a thorough review of gene transfer strategies focusing on the kidney, see the study by Isaka.^[@bib26]^ The following are studies that have successfully targeted the kidney: Schievenbusch *et al.*^[@bib24]^ utilized the rAAV9 vector containing the KSP promoter to drive expression of *GFP* in 6-week-old COL4A3 null mice, Luo *et al.*^[@bib27]^ utilized several recombinant vectors including rAAV2/7 and rAAV2/9 containing the human G6Pase minimal promoter to drive expression of the G6Pase gene in newborn mice, and Sénac *et al.*^[@bib28]^ utilized the rAAV9 vector containing the β-actin promoter to drive expression of methylmalonyl-CoA mutase in newborn *Mut* null mice. All three were able to successfully produce transgene expression in the kidneys; however, there was expression in other tissues as well, most often, the liver. To date, there have been no successful studies that have demonstrated kidney-specific transgene expression or *in-utero* transgene studies to target the fetal kidney. Currently, there are no gene therapy trials targeting the kidneys, although there are several utilizing transduced autologous cells (<http://www.clinicaltrials.gov>).

We hypothesized that a pseudotyped rAAV 2/9 vector can produce sustained fetal kidney expression of the *GFP* gene following maternal tail vein injection of pregnant mice. Furthermore, with the addition of a kidney-specific promoter (minimal nephrin promoter), we proposed that this would allow expression to be restricted to the kidneys, specifically the glomerulus.

Results
=======

Targeting of maternal and fetal kidneys with rAAV 2/9 pseudotyped vector with ubiquitous promoter
-------------------------------------------------------------------------------------------------

### Immunofluorescence and immunohistochemistry.

Prior to undertaking the *in-utero* administration of the rAAV 2/9-cytomegalovirus (CMV)-enhanced green fluorescent protein (*eGFP*) vector, we sought to replicate previous reports of AAV9 affinity for kidney tissue. Following tail vein injection of the rAAV 2/9-CMV-*eGFP* vector to adult mice, immunofluorescence (IF) and immunohistochemistry (IH) staining of harvested tissues for GFP showed consistent staining of all tissues analyzed (adrenal, bladder, brain, heart, kidney, liver, lung, ovary, pancreas, salivary gland, skeletal muscle, spleen, testis, thymus, thyroid, and uterus). Specifically, the AAV2/9-CMV-*eGFP* vector showed significant tropism for the kidney, localizing to the glomeruli and tubules ([Figure 1a](#fig1){ref-type="fig"},[b](#fig1){ref-type="fig"}).

Based on these findings, the rAAV 2/9-CMV-*eGFP* vector (8.4 × 10^12^ vg) was administered by tail vein injection to pregnant dams at embryonic day (E) 12.5. Control mice were injected with rAAV2-CMV-*eGFP* (1.3 × 10^12^ vg) or saline also at E12.5. The rAAV2-CMV-*eGFP* vector was chosen because in previous studies, AAV2 has demonstrated limited transfection efficiency in the kidney.^[@bib29]^

When kidneys from the rAAV 2/9-CMV-*eGFP*--treated pups were examined, robust staining was identified ([Figure 2a](#fig2){ref-type="fig"}, IH and [Figure 3a](#fig3){ref-type="fig"}, IF). Specifically, glomeruli and tubules were clearly shown to be expressing GFP. In contrast, the kidneys of pups from rAAV2-CMV-*eGFP*--treated animals demonstrated no identifiable staining ([Figure 2b](#fig2){ref-type="fig"}, IH and [Figure 3b](#fig3){ref-type="fig"}, IF). Kidneys taken from the treated dams showed the same patterns of IF and IH staining as the pups, with absence of staining in kidneys of the dams treated with rAAV2-CMV-*eGFP* ([Figure 2c](#fig2){ref-type="fig"}, IH and [Figure 3c](#fig3){ref-type="fig"}, IF), similar to saline-injected controls ([Figure 2e](#fig2){ref-type="fig"}, IH and [Figure 3e](#fig3){ref-type="fig"}, IF). Robust staining was also seen in the kidneys of the dams treated with rAAV 2/9-CMV-*eGFP* ([Figure 2d](#fig2){ref-type="fig"}, IH and [Figure 3d](#fig3){ref-type="fig"}, IF).

### Quantitative PCR for viral transfection.

We quantified the number of viral genomes in renal tissues to determine the viral gene transduction efficiency. At the time of sacrifice, DNA was isolated from kidneys of dams and pups treated with the rAAV2-CMV-*eGFP* or rAAV2/9-CMV-*eGFP* vectors or saline-treated controls. Viral genomes were measured by quantitative PCR and compared with a standard curve of *GFP* plasmids ([Figure 4](#fig4){ref-type="fig"}). As expected, maternal tissues contained several orders of magnitude higher viral genomes per microgram DNA (rAAV2/9-CMV-*eGFP*: 7.61 × 10^5^ and rAAV2-CMV-*eGFP*: 2.61 × 10^4^) than that found in pups (rAAV2/9-CMV-*eGFP*: 7.95--2,150 and rAAV2-CMV-*eGFP*: 57.1--988). Saline-treated dams and pups did not demonstrate any *eGFP* expression as expected. DNA was also isolated from the kidneys of the second litter of pups for each dam to determine if there was germline transmission of viral vector DNA. No viral genomes could be detected by quantitative PCR in the kidneys of any of the pups of either second litter (data not shown).

### Survival.

We did not directly assess the vector-related toxicity in these mice, but there were not apparent differences in the mice treated with each of the vectors, nor were there apparent differences noticed on the anatomic survey at necropsy on dams or pups. Both treatment dams and saline controls produced appropriately sized litters (mean litter size was 10 pups). All pups grew well and survived to scheduled sacrifice out to 12 weeks of life. Previous studies have shown the safety of recombinant AAVs.

Targeting of maternal and fetal kidneys with rAAV 2/9 vector with kidney-specific promoter
------------------------------------------------------------------------------------------

After confirmation that the rAAV 2/9 vector was able to transduce both maternal and fetal kidneys following maternal tail vein injection, the rAAV 2/9-*NPHS1-eGFP* vector (1.0 × 10^12^ vg) was administered by tail vein injection to pregnant dams at E12.5. This vector contains the minimal Nephrin promoter, as described by Moeller *et al*.^[@bib30]^, driving expression of the *eGFP* gene. Control dams were injected with rAAV 2/9-CMV-*eGFP* (1.0 × 10^12^ vg) or saline sham also at E12.5.

### Immunofluorescence and immunohistochemistry.

When kidneys of pups treated with rAAV 2/9-*NPHS1-eGFP* were examined by IH, significant staining of renal glomeruli was observed compared with sham-injected pups at 2, 4, 8, and 12 weeks of life ([Figure 5a](#fig5){ref-type="fig"}--[h](#fig5){ref-type="fig"}). More robust staining was identified in treated dams compared with the pups as shown in [Figure 5i](#fig5){ref-type="fig"}--[j](#fig5){ref-type="fig"}. When analyzed by IF with costaining with WT-1 and DAPI ([Figure 6a](#fig6){ref-type="fig"}--[c](#fig6){ref-type="fig"}), similar staining of the glomeruli was identified that was more robust in the dams and absent in saline-injected controls.

### Quantitative PCR for viral transduction and expression.

In order to determine the vector transduction efficiency and tissue tropism, DNA and RNA were isolated at the time of sacrifice from liver, kidney, spleen, brain, heart, and lung of dams treated with the rAAV 2/9-*NPHS1-eGFP* or rAAV 2/9-CMV-*eGFP* vectors or saline sham at E12.5 by tail vein injection. The dams were chosen for analysis because the previous experiment had shown that levels of transduction were significantly higher in the dams. Viral genomes in extracted DNA were measured by quantitative PCR and compared with a standard curve of *GFP* plasmids ([Figure 7](#fig7){ref-type="fig"}). As expected, the *eGFP* vector was not identified in any of the saline-injected dams. The rAAV 2/9 vector showed modest transduction efficiency in all tissues analyzed with maximal levels seen in the liver and the least in the brain. Similar levels of vector transduction were seen with both vectors.

We performed quantitative real-time PCR on RNA samples from maternal tissues to determine the tissue specificity of the *NPHS1*promoter. As expected, no expression of *eGFP* was identified in saline-injected dams, and robust expression of *eGFP* was identified in all tissues treated with the vector containing the CMV promoter ([Figure 8](#fig8){ref-type="fig"}). Significant expression of *eGFP* was identified in the kidneys of the dams treated with vector containing the *NPHS1* promoter, whereas minimal expression that was not statistically significant from saline controls was identified in other tissues analyzed.

Finally, RNA was extracted from the liver, kidney, spleen, brain, heart, and lung of pups treated with saline sham or the rAAV 2/9-*NPHS1-eGFP* or rAAV 2/9-CMV-*eGFP* vectors *in-utero* at E12.5 by tail vein injection ([Figure 9](#fig9){ref-type="fig"}). As with the dams above, no expression of *eGFP* was identified in saline-injected dams or pups. Treatment with the rAAV 2/9-CMV-*eGFP* vector showed robust expression in all tissues analyzed, with up to 400-fold increased expression over saline-injected controls. A similar, but significantly less robust, pattern of expression was seen in the kidneys of pups treated with the rAAV 2/9-*NPHS1*-*eGFP* vector with a nearly 12-fold increase over saline-injected controls. No significant expression of *eGFP* was identified in any other tissues.

Discussion
==========

The driving hypothesis for this experiment was that the pseudotyped rAAV 2/9 vector can produce fetal kidney expression of the *eGFP* gene following maternal tail vein injection of pregnant mice. Toward that end, we first administered a rAAV 2/9-CMV-*eGFP* vector to adult mice to replicate previous experiments showing kidney tissue tropism by the AAV serotype 9 vector. The pseudotyped AAV 2/9 vector showed ubiquitous staining of all tissues examined, including robust staining of the kidneys. We then injected pregnant dams at E12.5 by tail vein injection with the rAAV 2/9-CMV-*eGFP* or rAAV2-CMV-*eGFP* (acting as a negative control) vectors to determine if it would cross the placenta in sufficient concentration to target the fetal kidneys and whether we could induce stable expression of *eGFP* following birth. We were able to demonstrate stable expression of *eGFP* out to 12 weeks postinjection in the dam and pup kidneys. Finally, we replaced the ubiquitous CMV promoter in our vector with the minimal *NPHS1* promoter to produce kidney-specific glomerular expression in both pups and dams that was again stable out to 12 weeks postinjection.

*In-utero* gene therapy offers the potential to treat or prevent progression of many congenital diseases. Several recent studies have focused on direct fetal administration of viral vectors in a number of animal models including mice,^[@bib7; @bib8; @bib9; @bib10; @bib11; @bib12; @bib13],[@bib16],17^ rabbits,^[@bib18]^ sheep,^[@bib14]^ and nonhuman primates.^[@bib15]^ Although the administration of vector in large mammals can be performed under ultrasound guidance, small mammals have required maternal laparotomy, which is associated with an increased risk of morbidity and mortality for both dams and pups. In contrast to these reports, we administered vectors by maternal tail vein injection and assessed the transplacental transfection efficiency in the fetuses. We chose to utilize tail vein injection because the vitelline circulation is not accessible at this early gestational age (E11.5--E12.5). This gestational age was chosen because between E11.5 and E12.5, the ureteric bud epithelium and condensations of mesenchymal cells invade the metanephric mesenchyme. By E13.5, the S-shaped bodies derived from the cap mesenchyme have become infiltrated by endothelial precursors to form the glomerular tuft, which consists of the capillary loops, the mesangium, the glomerular basement membrane, and the podocyte cells.^[@bib31]^ Using this model, we were able to deliver a gene therapy vector to the fetal kidneys resulting in stable expression.

Although previous studies have successfully utilized systemic maternal administration of gene therapy vectors such as cationic liposomes,^[@bib19]^ DNA/lipid complexes,^[@bib20],[@bib21]^ and T7 phage,^[@bib22]^ the transduction/transfection efficiency was variable. In contrast to these previous studies, we utilized a rAAV, which is known to cross the placenta in humans and has been found in as high as 27% of amniotic fluid samples in one study.^[@bib32]^ Recombinant AAVs offer a number of advantages including safety, the ability to transduce nondividing cells, and a broad array of tissue tropisms.

A recent study in mice showed that rAAV9 transduced adult kidneys with significant efficiency.^[@bib23]^ Historically, renal tissue has been very difficult to target. Here, we replicated the previous study by showing consistent staining in all tissues examined in both male and female adult mice treated with tail vein injection of a pseudotyped rAAV 2/9 vector. Specifically, the vector showed significant tropism for the kidneys and localized to the glomeruli and tubules. In a previous study by Zincarelli *et al*.^[@bib29]^, the AAV2 vector had poor tissue tropism for the kidneys, so we utilized this vector as a negative control. When pregnant dams were treated with either rAAV2 or our pseudotyped rAAV 2/9 vector, transfection of vector DNA for both serotypes was found, but while the kidneys of the rAAV2-treated dam were negative for IF and IH staining, the rAAV 2/9-treated dam demonstrated robust IF and IH staining of the glomeruli and renal tubules. Additionally, we demonstrated low but persistent presence of both rAAV2 and rAAV 2/9 DNA in the kidneys of pups exposed *in-utero*. Second litters were evaluated for both dams and neither showed evidence of the viral vectors, consistent with absence of germ line cell transmission of integrated vector.

Recent advances in the identification of genes responsible for congenital anomalies of the kidney and urinary tract have yielded several new targets for gene therapy. However, many of these conditions have their onset prior to birth and have a high rate of mortality and morbidity despite optimal treatment. Specifically, nephrotic syndrome, type 1 results from defects in the slit diaphragm structure resulting in massive proteinuria and end-stage renal disease. The gene mutated in this condition, *NPHS1*, has been well characterized, and recently, a 1.25 kB minimal promoter region was isolated that may limit expression to the glomerular basement membrane and podocytes.^[@bib30]^

Using the pseudotyped AAV 2/9 vector, we were able to deliver *eGFP* expression to all tissues analyzed when its expression is driven by the ubiquitous CMV promoter. When this promoter was replaced by the minimal *NPHS1* promoter, we were able to achieve kidney-specific transgene expression stable out to 12 weeks as well as delivering the vector to fetal kidneys by a simple maternal tail vein injection. Such a vector may allow us to guide gene delivery into the glomerular component of the kidney and raises the tantalizing possibility of abrogating or ameliorating the genetic defect.

A limitation of this study is the low level of expression in the pups compared with the maternal kidneys. We believe that this is a direct result of the route of administration. AAVs have a high affinity for the liver, and tail vein administration would ensure that a significant proportion of the vector would pass through the liver prior to the uterus. We are currently pursuing other options of administration in the mouse model to optimize both dosage and route of administration. However, when applied to a larger mammalian model, ultrasound-targeted administration of this vector will likely not be subject to this limitation. Additionally, we did not assess for the development of a maternal immune response to the vector. This will be evaluated in future studies as well as longer time courses to determine if subsequent administration of the vector is possible.

In conclusion, this study demonstrates the first use of a rAAV vector to produce kidney-specific transgene expression. Previous studies have shown transgene delivery to the kidney that was also expressed in the liver. Furthermore, we were able to demonstrate that this vector could be systemically administered to pregnant dams with successful transgene expression in the fetal kidneys that is stably expressed out to 12 weeks of life. This was accomplished by the use of the pseudotyped rAAV 2/9 vector containing the *NPHS1*minimal promoter region driving *eGFP* expression. Although further evaluation of the dosing, vector, and route of administration are needed, maternal tail vein injection of rAAV 2/9 represents a possible avenue for the delivery of gene therapy vectors, as it readily crosses the placental interface and produces stable expression. The pseudotyped rAAV 2/9 vector containing the minimal *NPHS1*promoter may be a useful tool for the targeting of genetic fetal therapies for congenital anomalies of the kidney and urinary tract and early-onset renal diseases as well as in further elucidation of the embryonic development of the kidney.

Materials and Methods
=====================

rAAV vector construction and production
---------------------------------------

rAAV 2/9-CMV-*eGFP* is a single-stranded pseudotyped 2/9 AAV vector containing the CMV promoter driving expression of the *eGFP* gene. rAAV 2/9-*NPHS1-eGFP* is a single-stranded pseudotyped 2/9 AAV vector containing the 1.25 kb upstream promoter region of the mouse *NPHS1* (Nephrin) gene^[@bib29]^ driving expression of the *eGFP* gene. These viral vectors were prepared at the University of Iowa Gene Transfer Vector Core as described previously.^[@bib33]^ Sf9 cells were cultured in suspension using the WAVE bioreactor (GE Life Sciences, Piscataway, NJ) at densities of 1 × 10^6^ cells/ml in 400 ml of media. Sf9 cells were coinfected with BacRep, BacCap, and BacGFP at a multiplicity of infection for 5 for each construct.

rAAV2-CMV-*eGFP* is a single-stranded serotype 2 AAV vector containing the CMV promoter driving expression of the **eGFP** gene. HEK293 cells were cultured in Dulbecco's modified Eagle's medium-F12 supplemented with 10% fetal calf serum (Life Technologies, Carlsbad, CA) in suspension. HEK293 cells were triple transfected with pHelper, pRep2/Cap9, and pCMVeGFP plasmids at a multiplicity of infection of 5 each.

For both vectors, the cells/media were centrifuged 68 to 72 hours posttransfection, and the media was discarded. The cells were resuspended in lysis buffer (50 mmol/l Tris, 200 mmol/l NaCl, 1.0 mmol/l MgCl and 1.0 mmol/l CaCl at pH 8.5). The cells were nitrogen fractioned, and the virus released using a cell disruption bomb (Parr Instrument Company, Moline, IL). The viral lysate was centrifuged to remove the cell debris, and the vector was purified by iodixanol gradient and ion exchange chromatography using Mustang Q membranes (Pall Life Sciences, Ann Arbor, MI). Virus was eluted with 250 mmol/l NaCl and 20 mmol/l Tris, pH 8.0. Physical titers were determined by Q-PCR. Viral vectors were purified by CsCl purification and dialyzed in phosphate-buffered saline supplemented with 5% sorbitol and F68.

Animal procedures
-----------------

Tail vein injections were performed by placing the animals in the Broom-style Rodent Restrainer (Plas Labs, Lansing, MI), and their tails were warmed before the injection. The injections were carried out using 28.5 gauge needles. All injection volumes were normalized to 150 µl of normal saline. All the mice recovered from the injections quickly without loss of mobility or interruption of grooming activity. Females were checked daily for the presence of vaginal plugs, that if observed were recorded as E0.5. Sacrifice was by ketamine/xylazine intraperitoneal injection at 100/10 mg/kg followed by intracardiac perfusion with phosphate-buffered saline. All experiments involving animals were conducted in accordance with the Institutional Animal Care and Use Committee of the University of Iowa.

Vector administration
---------------------

### Adult mice with ubiquitous promoter.

One male and one female C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME) were injected at 18 weeks of life with 1 × 10^12^ vg rAAV 2/9-CMV-*eGFP*. At 8 weeks postinjection, the animals were sacrificed.

### Pregnant mice with ubiquitous promoter.

Recombinant AAV vectors were administered to 17-week-old pregnant C57BL/6 dams at E12.5 by tail vein injections. Injections consisted of 8.4 × 10^12^ vg of rAAV 2/9-CMV-*eGFP* (*n* = 1), saline control (*n* = 1), or 1.3 × 10^12^ vg of rAAV2-CMV-*eGFP* (*n* = 1). Pups were weaned at 21 days. Dams were sacrificed at 8 weeks postinjection. For rAAV 2/9-CMV-*eGFP*--exposed pups (*n* = 12), two pups were sacrificed at 2, 4, 6, 8, 10, and 12 weeks of life. For rAAV2-CMV-*eGFP*--exposed pups (*n* = 9), two pups were sacrificed at 2, 4, and 6 weeks, and one pup was sacrificed at 8, 10, and 12 weeks. Saline-injected pups (*n* = 10) were sacrificed at similar time points with one pup at 10 and 12 weeks.

### Pregnant mice with kidney-specific promoter.

In order to limit vector expression to fetal kidneys, we injected 17-week-old pregnant C57BL6 dams at E12.5 by tail vein injection. Injections consisted of 1.0 × 10^12^ vg of rAAV 2/9-*NPHS1-eGFP* (*n* = 3) or rAAV 2/9-CMV-*eGFP* (*n* = 3) vectors or saline sham (*n* = 2). Pups were again weaned at 21 days, dams were sacrificed at 8 weeks postinjection, and pups were sacrificed at 2, 4, 6, 8, 10, and 12 weeks of life (*NPHS1*: *n* = 31/CMV: *n* = 29/saline: *n* = 19).

### Assessment of vector integration in germline cells.

In order to verify that the rAAV vector did not alter the maternal germline cells, the dams were allowed to breed again following delivery of the first litter. The second litters (*n* = 9) for each of the two dams were sacrificed following a similar schedule as the first litters (two pups sacrificed at 4, 6, 8, and 10 weeks and one pup at 12 weeks of life).

Tissue processing and analysis
------------------------------

At the time of sacrifice, kidney, liver, lung, heart, brain, and spleen tissues were harvested and divided for snap freezing for RNA/DNA collection or whole mount. Tissues for IH IF staining were immediately placed in 4% paraformaldehyde for 2 hours followed by transfer to 30% sucrose overnight prior to embedding in Tissue-Tek OCT Compound (Sakura Finetek, Torrance, CA) and frozen.

Immunohistochemistry
--------------------

Ten micrometer frozen sections of formalin-fixed tissues were treated with 0.1% Triton X-100 followed by 0.3% hydrogen peroxide in methanol to quench the endogenous peroxidase activity. Blocking was performed with 5% normal goat serum plus 5% bovine serum albumin followed by overnight incubation with rabbit anti-GFP antibody (1:400) followed by overnight incubation with secondary goat antirabbit antibody (1:200) (Invitrogen, Carlsbad, CA). Anti-GFP antibodies were detected by avidin--biotin complex formation using the peroxidase-coupled Vectastain Elite ABC reagent (Vector Laboratories, Burlingame, CA) and detection by DAB peroxidase substrate kit (Vector). Sections were cleared in ethanol and permanently mounted.

Immunofluorescence
------------------

Ten micrometer frozen sections of formalin-fixed tissues were treated with 0.1% Triton X-100. Blocking was performed with 5% goat serum plus 5% bovine serum albumin followed by overnight incubation with rabbit anti-GFP antibody (1:400; Invitrogen). Anti-GFP antibodies were detected by fluorescence-conjugated goat antirabbit antibody IgG Alexa Fluor 488 (1:500; Invitrogen) and treatment with mounting medium (Vector). Tissues were then examined with a Zeiss 510 confocal microscope using FITC fluorescence filter (Carl Zeiss Microimaging, Thornwood, NY).

To confirm the location of the GFP expression in the kidney, multiple immunofluorescence study was performed using a podocyte marker, rabbit anti-wt1 (1:200; Santa Cruz), and goat anti-GFP (1:400; Invitrogen) antibody overnight at 4 °C, followed by incubation with Alexa Fluor 488-labeled donkey antirabbit IgG (1:200; Invitrogen) and Alexa Fluor 546-labeled donkey antigoat IgG (1:200; Invitrogen) at room temperature for 2 hours. Sections were washed, mounted with VECTASHIELD Mounting Medium with DAPI (4',6-diamidino-2-phenylindole) (Vector Laboratories), and then examined by laser confocal microscopy (LSM 710; Carl Zeiss AG).

Quantification of transfection efficiency by qPCR
-------------------------------------------------

Total genomic DNA was isolated from kidney tissue from dams and pups using the DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA) in accordance with the manufacturer's protocol. Total DNA concentration was determined by spectrophotometry using NanoDrop (Thermo Scientific, Ashville, NC) and used for real-time quantitative PCR to assess for viral genome copies per sample. Briefly, a 20 μl PCR volume contained 9 μl of DNA, 10 μl TaqMan Fast Universal PCR Master Mix (2×) (Applied Biosystems, Foster City, CA), and 1 μl of primers (200 nmol/l for forward and reverse primers and probe). The primers used for *eGFP* were: 5′-GAGCGCACCATCTTCTTCAAG-3′ (forward), 5′-FAM-ACGACGGCAACTACA-NFQ-3′ (probe), and 5′-TGTCGCCCTCGAACTTCAC-3′ (reverse). All samples were run in triplicate on the CFX96 Real Time System (Bio-Rad, Taunton, MA) at the following thermocycler conditions: 10 minutes at 95 °C followed by 39 cycles of 95 °C for 15 seconds and 60 °C for 60 seconds. Quantitation of viral *eGFP* was compared to standard curve of *eGFP* plasmid 10^3^--10^10^ copies per microliter, and results were reported as viral *GFP*copies per microgram of mouse DNA.

Quantification of vector expression
-----------------------------------

RNA was extracted from dam and pup kidneys using TRIzol reagent (Life Technologies, Grand Island, NY) according to manufacturer's recommendations. RNA was quantitated using the NanoDrop spectrophotometer. Reverse transcription of one microgram kidney RNA aliquots was performed using Super Script III First Strand Synthesis kit (Life Sciences) in accordance with the manufacturers' protocols. Duplex real-time quantitative PCR was performed in triplicate on kidney cDNA samples using CFX96 Real-Time PCR Detection System (Bio-Rad) to look at *eGFP* expression with *GAPDH* used as an endogenous control (Applied Biosystems). Briefly, cDNA samples were diluted to 10 ng/μl, and 5 μl was used for each reaction. Reaction efficiency for each probe was verified with a standard curve of positive control cDNA samples on each plate. Reactions were run with the following thermocycler conditions: preincubation at 95 °C for 10 minutes followed by 40 cycles of denaturation at 95 °C for 15 seconds and annealing and extension at 60 °C for 1 minute. Each animal was an *n* of 1 in analysis. The fold difference in *eGFP* expression was calculated based on the 2^ΔΔCT^ values and analyzed using one-way analysis of variance followed by Bonferroni *t*-tests with the software package SPSS (IBM, Armonk, NY) to determine statistically significant changes in gene expression.
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![Immunofluorescence staining for GFP in adult mouse kidneys. Adult mice (*n* = 2) were treated with 1 × 10^12^ viral genomes rAAV 2/9-CMV-*eGFP* by tail vein injection. Eight weeks postinjection, kidneys were snap frozen and whole mounted for imaging, then cryosectioned (10 μm) and processed for immunofluorescence staining. Bars = 2 mm (**a**) and 500 μm (**b**). CMV, cytomegalovirus; *eGFP*, enhanced green fluorescent protein.](mtm201414-f1){#fig1}

![Immunohistochemistry staining for GFP in kidneys of treated pups at 12 weeks. Pregnant adult dams at E12.5 were treated with 8.4 × 10^12^ viral genomes rAAV 2/9-CMV-*eGFP* (*n* = 1), saline control (*n* = 1), or 1.3 × 10^12^ viral genomes rAAV2-CMV-*eGFP* (*n* = 1) by tail vein injection. Pups (**a**: rAAV2/9; *n* = 12), (**b**: rAAV2; *n* = 9), and saline *n* = 10 (not shown) were sacrificed at 12 weeks of life. Dams (**c**: rAAV2; **d**: rAAV2/9, and **e**: saline control) were sacrificed at 8 weeks postinjection. Kidneys were snap frozen, whole mounted for imaging, cryosectioned (10 μm), and processed for immunohistochemistry. Bar = 200 μm. CMV, cytomegalovirus; *eGFP*, enhanced green fluorescent protein.](mtm201414-f2){#fig2}

![Immunofluorescence staining for GFP in kidneys of treated pups at 8 weeks. Pregnant adult dams at E12.5 were treated with 8.4 × 10^12^ viral genomes rAAV 2/9-CMV-*eGFP* (*n* = 1), saline control (*n* = 1), or 1.3 × 10^12^ viral genomes rAAV2-CMV-*eGFP* (*n* = 1) by tail vein injection. Pups (**a**: rAAV2/9; *n* = 12), (**b**: rAAV2; *n* = 9), and saline *n* = 10 (not shown) were sacrificed at 8 weeks of life. Dams (**c**: rAAV2; **d**: rAAV2/9, and **e**: saline control) were sacrificed at 8 weeks postinjection. Kidneys were snap frozen, whole mounted for imaging, cryosectioned (10 μm), and processed for immunofluorescence staining for DAPI (blue), GFP (green), WT-1 (red), and merge slide. Bars = 50 μm. CMV, cytomegalovirus; *eGFP*, enhanced green fluorescent protein.](mtm201414-f3){#fig3}

![Transfection efficiency of rAAV vectors following *in-utero* maternal systemic delivery. Pregnant adult dams at E12.5 were treated with 1.3 × 10^12^ viral genomes rAAV2-CMV-*eGFP* (*n* = 1) or 8.4 × 10^12^ viral genomes rAAV 2/9-CMV-*eGFP* (*n* = 1) by tail vein injection. Pups were sacrificed at 2, 4, 6, 8, 10, and 12 weeks of life. Dams were sacrificed at 8 weeks postpartum. Quantitative real-time PCR was performed on DNA isolated from kidneys for viral genome copies. Transfection efficiency is expressed in viral genomes per microgram of extracted DNA. White bars represent mice treated with rAAV2-CMV-*eGFP* (*n* = 9) and black bars represent mice treated with rAAV2/9-CMV-*eGFP* (*n* = 12). Error bars are mean + SD. CMV, cytomegalovirus; *eGFP*, enhanced green fluorescent protein.](mtm201414-f4){#fig4}

![Immunohistochemistry staining for GFP in kidneys of treated pups and dams. Pregnant adult dams at E12.5 were treated with saline sham (**a**, **c**, **e**, **g, i**) or 1.0 × 10^12^ viral genomes rAAV 2/9-*NPHS1-eGFP* (**b**, **d**, **f**, **h, j**) by tail vein injection. Pups were sacrificed at 2 (**a**, **b**), 4 (**c**, **d**), 8 (**e**, **f**), and 12 (**g**, **h**) weeks of life. (**i**, **j**) Dams were sacrificed at 8 weeks postpartum. Kidneys were snap frozen, whole mounted for imaging, cryosectioned (10 μm), and processed for immunohistochemistry. Bars = 200 μm. CMV, cytomegalovirus; *eGFP*, enhanced green fluorescent protein.](mtm201414-f5){#fig5}

![Immunofluorescence staining for GFP in treated pups and dams at 8 weeks. Pregnant adult dams at E12.5 were treated with 1.0 × 10^12^ viral genomes rAAV 2/9-*NPHS1-eGFP* or saline sham by tail vein injection. Pups (**a**: experimental and **b**: saline control) and (**c**) experimental dams were sacrificed at 8 weeks postpartum. Kidneys were snap frozen, whole mounted for imaging, cryosectioned (10 μm), and processed for immunofluorescence staining for DAPI (blue), WT-1 (green), GFP (red), and merge slide. Bars = 50 μm. CMV, cytomegalovirus; *eGFP*, enhanced green fluorescent protein.](mtm201414-f6){#fig6}

![Tissue tropism and transduction efficiency of rAAV 2/9 vectors in dams. Pregnant adult dams at E12.5 were treated with 1.0 × 10^12^ viral genomes of rAAV 2/9-*NPHS1-eGFP* (*n* = 3) or rAAV 2/9-CMV-*eGFP*(*n* = 3) vectors by tail vein injection. Dams were sacrificed at 8 weeks postpartum. Quantitative real-time PCR was performed on DNA isolated from liver, kidney, spleen, brain, heart, and lung for viral genome copies. Transduction efficiency is expressed in viral genomes per microgram of extracted DNA. White bars represent mice treated with rAAV 2/9-*NPHS1-eGFP* and black bars represent mice treated with rAAV 2/9-CMV-*eGFP.* Error bars are mean + SD. CMV, cytomegalovirus; *eGFP,* enhanced green fluorescent protein.](mtm201414-f7){#fig7}

![Expression of rAAV 2/9 vector in treated dams. Pregnant adult dams at E12.5 were treated with 1.0 × 10^12^ viral genomes rAAV 2/9-*NPHS1-eGFP*(*n* = 3) or rAAV 2/9-CMV-*eGFP* (*n* = 3) vectors or saline sham (*n* = 2) by tail vein injection. Dams were sacrificed at 8 weeks postpartum. Quantitative real-time PCR was performed on cDNA of isolated liver, kidney, spleen, brain, heart, and lung mRNA. White bars represent rAAV 2/9-*NPHS1-eGFP* and black bars represent rAAV 2/9-CMV-*eGFP*. Expression of *eGFP* was normalized to saline controls using 2^ΔΔCT^ (\**P* \< 0.05). Error bars are mean + SD. CMV, cytomegalovirus; *eGFP*, enhanced green fluorescent protein.](mtm201414-f8){#fig8}

![Expression of rAAV 2/9 vectors following maternal injection. Pregnant adult dams at E12.5 were treated with 1.0 × 10^12^ viral genomes rAAV 2/9-*NPHS1-eGFP* (*n* = 3) or rAAV 2/9-CMV-eGFP (*n* = 3) vectors or saline sham (*n* = 2) by tail vein injection. Pups (*NPHS1*: *n* = 31/CMV: *n* = 29/saline: *n* = 19) were sacrificed at 2, 4, 6, 8, 10, and 12 weeks of life. Quantitative real-time PCR was performed on cDNA of isolated liver, kidney, spleen, brain, heart, and lung mRNA. White bars represent rAAV 2/9-*NPHS1-eGFP* and black bars represent rAAV 2/9-CMV-*eGFP*. Expression of *eGFP* was normalized to saline controls using 2^ΔΔCT^ (\**P* \< 0.05). Error bars are mean + SD. CMV, cytomegalovirus; *eGFP*, enhanced green fluorescent protein.](mtm201414-f9){#fig9}
